Introduction {#S0001}
============

The deposition of amyloid-β proteins (Aβ) in the brain (specifically, 40 amino acid peptide Aβ~1--40~ and 42 amino acid peptide Aβ~1--42~) is a major hallmark of Alzheimer's disease (AD).[@CIT0001] Both Aβs impair neurological function; however, the Aβ~1--42~ peptide aggregates more readily and is more neurotoxic than Aβ~1--40~. Furthermore, soluble Aβ oligomers, including those ranging from dimers to high-molecular-weight multimers, are more likely than Aβ monomers to promote neurotoxicity and findings that include synapse loss and diminished long-term potentiation of the hippocampal neurons.[@CIT0002]--[@CIT0004] Even the smaller Aβ dimers and trimers are strong neurotoxins,[@CIT0005] and Aβ dimers isolated from brains of subjects diagnosed with AD are factors promoting impaired synaptic plasticity and memory.[@CIT0006]

Recent findings suggest that decreased clearance may be a mechanism by which elevated levels of brain Aβ accumulate and promote the pathogenesis of AD; this may be particularly in evidence in sporadic cases. The clearance of Aβ from brain tissue of patients diagnosed with AD was 30% lower than that in unaffected subjects, despite similar rates of production.[@CIT0007] We previously proposed the use of extracorporeal blood Aβ-removal systems (E-BARS) as a means for augmenting clearance of Aβ from the brain. Our focus on E-BARS is based on our hypothesis that the rapid removal of Aβ from peripheral circulation may facilitate Aβ egress from the brain[@CIT0008] ([Figure 1A](#F0001){ref-type="fig"}). Several mechanisms to explain this proposal have been considered: first, certain proteins, such as low-density lipoprotein receptor-related protein 1 (LRP-1), apolipoprotein (Apo)J, and ApoE, function as Aβ transporters from the brain to the blood.[@CIT0009],[@CIT0010] Receptor for advanced glycation end products has also been identified as a similar bidirectional Aβ transporter.[@CIT0011] Additionally, perivascular lymphatic drainage is important for eliminating Aβs from the brain.[@CIT0012] The blood--brain barrier[@CIT0013] and the cerebrovascular basement membrane have also been proposed as Aβ drainage pathways.[@CIT0012] Finally, although not directly related to Aβ influx from the brain to the blood, inflammation in the brain, including astrocytes and microglia, may also have an impact on Aβs clearance.[@CIT0014]Figure 1Schematic pictures of an E-BARS as the proposed system for the removal of Aβ oligomers. (**A**) Basic concept of E-BARS for Aβ monomer removal. Removal of blood Aβ monomers rapidly reduces Aβ monomer concentrations in the blood, which may act as a trigger to enhance Aβ excretion from the brain, resulting in cognitive improvement. (**B**) Hypothesis for the removal of Aβ oligomers: the blood of patients is introduced to a plasma separator (centrifuge or membrane separator), and the separated plasma is introduced to a device for the removal of Aβ oligomers. (**C**) Schematic mechanism of Aβ oligomers removal by membrane separation. The blood of patients is introduced into a plasma separator, and the separated plasma is introduced to a device composed of hollow-fiber membranes with appropriate larger pore sizes than hemodialyzers. Aβ oligomers of large molecular weights can hardly pass through the pores, are retained in the hollow fibers, and are discarded in waste plasma. Smaller molecules, including albumin, can pass through the pores and return to the patients. (**D**) A schematic comparison of pore sizes of the hemodialyzers and Membranes A and B with the size of large Aβ oligomers and albumin.

Our previous studies have supported the feasibility of Aβ removal by E-BARS. Among these findings, we identified devices and materials that are suitable for Aβ removal from the blood, such as an adsorptive hexadecyl alkylated cellulose (HexDC) beads[@CIT0008],[@CIT0015] and polysulfone hemodialyzers.[@CIT0016] Notably, polysulfone hemodialyzers were found to be remarkably efficient at clearing Aβ, with reductions as high as \~50% for both Aβ~1--40~ and Aβ~1--42~.[@CIT0017],[@CIT0018] Hemodialyzers remove blood Aβ mainly via adsorption.[@CIT0016],[@CIT0019] Interestingly, a substantial influx of Aβ was from peripheral tissues into the blood was observed during hemodialysis;[@CIT0017],[@CIT0018],[@CIT0020] the total amount of Aβ influx during one 4-hr session of hemodialysis was comparable to the total amount of Aβ present in the brain.[@CIT0021] Furthermore, our histopathological study revealed significantly diminished accumulation of Aβ in the brains of patients undergoing hemodialysis as compared to age-matched control subjects who were not undergoing hemodialysis.[@CIT0022] More recently, we found that accumulation of Aβ in the brains of hemodialysis patients was decreased by −0.19 global standard uptake value ratio (SUVR) after hemodialysis for 6 months, a finding that was confirmed by positron emission tomography imaging with a Pittsburgh compound B probe.[@CIT0023] These findings suggest that the brain may be a critical point of origin of Aβ that enters the bloodstream during hemodialysis. Furthermore, in rat models of Aβ clearance from peripheral circulation using HexDC columns of an approximately 90% clearance efficiency, Aβ concentrations in the cerebrospinal fluid (CSF) were decreased, although plasma Aβ concentrations increased during Aβ clearance from the blood.[@CIT0024] Additionally, cognitive function was maintained or improved slightly in a prospective study of 30 hemodialysis patients.[@CIT0020] We also reported that a lower risk of dementia correlated with a longer duration of hemodialysis in a study that included more than 200,000 hemodialysis patients in Japan.[@CIT0025]

Other groups have shown that removing Aβs from peripheral circulation may be useful therapy for AD patients. Peritoneal dialysis also resulted in reduced plasma Aβ levels in human subjects as well as brain Aβ levels in mouse models of AD.[@CIT0026] And Clearance of Aβs by plasma exchange therapy was also effective in improving cognitive function among patients with AD.[@CIT0027] Further, mouse parabiosis studies, in which the circulatory systems of a wild-type and AD-transgenic mice were connected to one another, resulted in a reduction in brain Aβ deposition among the transgenic mice.[@CIT0028] Taken together, these results suggest that peripheral Aβ clearance may be an important means for treatment of AD.[@CIT0029]

Of note, the reports described above relate to the clearance of Aβ monomers rather than Aβ oligomers from the blood. Aβ monomer clearance may lead to a reduction in Aβ oligomers due to the equilibrium maintained between these two forms. However, there may be a large kinetic barrier that impedes Aβ oligomer dissociation.[@CIT0030] As such, it will be important to determine whether Aβ in oligomeric form can be targeted for removal from the blood and whether an influx of Aβ oligomers into the blood might be triggered by this event. Toward this end, the molecular weights of Aβ oligomers in the brain have been measured by using denaturing sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS-PAGE) followed by Western blotting.[@CIT0031] To the best of our knowledge, however, the molecular size of intact, non-denatured Aβ oligomers found in body fluid has not been reported.

In this study, we explored two variations of E-BARS as a means for promoting clearance of Aβ oligomers from the blood; the first method targets Aβ oligomers alone and the second incorporates the simultaneous removal of Aβ oligomers and monomers. Our basic concept for achieving Aβ oligomer clearance is the separation of Aβ oligomers from other smaller substances in plasma by using hollow-fiber membrane devices with larger pore sizes than those of hemodialyzers, a method known as membrane separation ([Figure 1B](#F0001){ref-type="fig"}--[D](#F0001){ref-type="fig"}). Moreover, the membrane separation technique may provide information regarding the molecular size of intact Aβ oligomers in the blood without introducing confounding variables such as detergent or protein degradation. Furthermore, we sought to determine whether the influx of Aβ oligomers into the blood of human subjects might be triggered by their clearance from peripheral circulation.

Materials and Methods {#S0002}
=====================

Ethical Considerations {#S0002-S2001}
----------------------

This study conformed to the Declaration of Helsinki Good Clinical Practice guidelines. This research was reviewed and approved by the Institutional Review Boards at Fujita Health University (latest approval no. HM16-266) and Ogaki Municipal Hospital (approval no. 20130718--1). Written informed consent was obtained from all involved patients prior to plasma collection.

Acquisition of Human Plasma Containing Aβ Oligomers {#S0002-S2002}
---------------------------------------------------

Discarded plasma was collected during simple plasma exchange therapy from patients. The collected plasma was frozen at −29°C in a 300 mL bottle with an additional 1 mL of 1000 U/mL heparin/saline. The concentrations of Aβ oligomers in the plasma were measured, with only 68.8% of patients demonstrating detectable Aβ oligomers in their plasma. Plasma samples containing more than 10 pmol/L of Aβ oligomers were subsequently used for in vitro experiments of Aβ oligomer removal. Before frozen plasma was thawed, a solution of 1 mL of heparin and 12.5 mL of plasma preservative solution (made up of 65.75 g of sodium citrate and 8.18 g of citric acid in 250 mL of saline) was added to the plasma to minimize precipitation of fibrinogen. The plasma was thawed by shaking in a water bath at 37°C and centrifuged to remove precipitates.

Devices for Aβ Oligomer Removal {#S0002-S2003}
-------------------------------

Two types of plasma separators, Membrane A and Membrane B, were used as systems for removing Aβ oligomers ([Figure 1D](#F0001){ref-type="fig"}). Membrane A was a plasma component separator with a mid-sized pore and a sieving coefficient of albumin of approximately 0.3 \[Cascadeflo EC-20W, 2.0 m^2^ of the membrane area, made of hollow fibers of ethylene-vinyl alcohol copolymer (EVAL); Asahi Kasei Medical, Tokyo, Japan\]. Membrane B was a plasma component separator with a larger pore size and a sieving coefficient of albumin of approximately 0.8 (Cascadeflo EC-50W, 2.0 m^2^ of the membrane area; Asahi Kasei Medical, Tokyo, Japan). Sieving coefficients of hemodialyzers for albumin were approximately 0.01.

Devices for Aβ Monomer Removal {#S0002-S2004}
------------------------------

Two medical devices for Aβ monomer removal were used to remove Aβ oligomers simultaneously. One was a medical adsorber made of HexDC,[@CIT0008],[@CIT0015] originally launched for the removal of β2 microglobulin. HexDC mini-columns were made by filling 66 mL of HexDC obtained using a commercially available HexDC device (Lixelle S-25; Kaneka, Osaka, Japan) into 50 mL syringes. The amount of HexDC filled into a mini-column was defined as suitable for 600 mL of human plasma. The other Aβ monomer remover setup was a polysulfone dialyzer because polysulfone is one of the best materials for Aβ monomer removal.[@CIT0016],[@CIT0019] The available minimum membrane area of the polysulfone dialyzer was 1.1 m^2^ (APS-11EA; Asahi Kasei Medical, Tokyo, Japan), which was approximately three times larger than that suitable for the treatment of 600 mL of human plasma.

Removal of Aβ Oligomers in vitro {#S0002-S2005}
--------------------------------

Three types of experiments were conducted as shown in [Figure 2](#F0002){ref-type="fig"}. In the first set of experiments, plasma Aβ oligomers were removed by membrane separation with Membrane A or Membrane B ([Figure 2A](#F0002){ref-type="fig"}). Second, simultaneous removal of Aβ oligomers and monomers from plasma with Membrane B and HexDC ([Figure 2B](#F0002){ref-type="fig"}) or with Membrane B and a polysulfone dialyzer ([Figure 2C](#F0002){ref-type="fig"}).Figure 2Schematic of the experimental circuits for the three Aβ oligomers removal systems. (**A**) Method for removal of Aβ oligomers using Membrane A or B alone. Human plasma containing Aβ oligomers in the reservoir (Pool) was introduced into Membrane A or B at 50 mL/min; filtrate was returned to Pool. A hollow fiber filled with plasma (Inside-Lumen) was shown as a representative of the many hollow fibers that constitute the membranes. The outlet was closed during circulation and opened after 60 mins of circulation so that plasma inside hollow fibers of the membrane could be retrieved. (**B**) Method for simultaneous removal of Aβ oligomers and monomers with Membrane B and HexDC. Human plasma was circulated at a flow rate of 30 mL/min through HexDC mini-columns. The plasma at the outlet of the HexDC column was divided in half with 15 mL/min for filtration with Membrane B and 15 mL/min to return to Pool. The plasma inside Membrane B (Inside-Lumen) was continuously discarded at a rate of 1 mL/min and saline (1 mL/min) was added for volume replacement before the plasma was returned to Pool. (**C**) Method for simultaneous removal of Aβ oligomers and monomers with Membrane B and a dialyzer. Human plasma was circulated at a flow rate of 30 mL/min through a polysulfone dialyzer with a filtration rate of 3 mL/min. The filtrate of the dialyzer was discarded. The plasma of the outlet of the dialyzer was divided into 15 mL/min for filtration with Membrane B and 12 mL/min to return to Pool. The plasma inside Membrane B was continuously discarded at a rate of 1 mL/min. Saline (4 mL/min) was added as a replacement solution before the return to Pool.

Plasma Aβ Oligomer Removal by Membrane A or Membrane B Alone {#S0002-S2006}
------------------------------------------------------------

The experimental system used to remove Aβ oligomer from plasma is shown in [Figure 2A](#F0002){ref-type="fig"}. After the entire system was washed with phosphate-buffered saline (PBS) and then 5 mg/mL of bovine serum albumin (BSA) in PBS solution, completing one-way flowing and discarding of 200 mL of human plasma to replace the BSA/PBS solution, then, 250 mL of human plasma (Pool in [Figure 2A](#F0002){ref-type="fig"}) was circulated at a flow rate of 50 mL/min using a peristaltic pump (Masterflex Variable-Speed Drive; Cole-Parmer, Vernon Hills, IL, USA). The volume of human plasma in use was set at approximately 1/10 that of a general adult (2500--3000 mL of plasma) because of the limited availability of the plasma. Only 2.0 m^2^ of the membrane area was available for plasma component separation; therefore, the ratio of the membrane area and plasma volume was approximately 10 times larger than that seen during typical clinical treatment. All plasma was introduced in Membrane A or Membrane B and the filtrate was returned to Pool. After 60 min of circulation, the remaining plasma in the inner side of the hollow fibers (Inside-Lumen; volume was 150 mL) was retrieved as waste plasma by using a syringe. The obtained samples were immediately stored at −80°C. Freeze--thaw cycles were minimized.

The absolute amount of Aβs was calculated as follows:$$\documentclass[12pt]{minimal}
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where the object fluids are the plasma in Pool and Inside-Lumen ([Figure 2A](#F0002){ref-type="fig"}).

The starting Aβ concentrations in Pool were 11.1 to 80.9 pmol/L, 149.9 to 736.5 pg/mL, and 21.4 to 63.3 pg/mL for Aβ oligomers, Aβ~1--40~, and Aβ~1--42~, respectively. These experiments were performed at least three times for each membrane.

Removal of Plasma Aβ Oligomers and Monomers Simultaneously with Membrane B and HexDC Mini-Columns {#S0002-S2007}
-------------------------------------------------------------------------------------------------

The experimental system used to remove Aβ oligomers and monomers simultaneously is shown in [Figure 2B](#F0002){ref-type="fig"}. A total of 600 mL of human plasma containing Aβ oligomers was circulated at a flow rate of 30 mL/min (corresponding to 50 mL/min flow of whole blood with 40% hematocrit) using Masterflex pumps (Cole-Parmer, Vernon Hills, IL, USA) through HexDC mini-columns. The plasma of the outlet of the HexDC column was divided in half as 15 mL/min, which corresponded to 30% of the postulated whole blood flow of 50 mL/min, for treatment with Membrane B and 15 mL/min for return to Pool. The plasma in Inside-Lumen of Membrane B was continuously discarded at a rate of 1 mL/min with a small Perista pump (SJ-1211H; ATTO, Tokyo, Japan). Saline (1 mL/min) was added as a replacement solution before the return to Pool. This experiment was performed at least in triplicate.

Removal of Plasma Aβ Oligomers and Monomers Simultaneously with Membrane B and Polysulfone Dialyzers {#S0002-S2008}
----------------------------------------------------------------------------------------------------

A second experimental system used for simultaneous removal of Aβ oligomers and monomers is shown in [Figure 2C](#F0002){ref-type="fig"}. The procedures here were similar to the experiments with Membrane B and HexDC mini-columns described above except that polysulfone dialyzers were used instead of HexDC mini-columns. Aβ monomers were removed in an adsorptive filtration mode[@CIT0019] with a filtration rate of 3 mL/min by using a Perista pump (SJ-1211H; ATTO, Tokyo, Japan). Subsequently, compensatory saline was added at a rate of 4 mL/min, including the volume of the discarded plasma from Membrane B.

Calculation of Removal Efficiency {#S0002-S2009}
---------------------------------

The removal efficiency of HexDC column or polysulfone hemodialyzer was calculated as follows:

Equation 2: removal efficiency (%) = $$\documentclass[12pt]{minimal}
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Plasma Samples of Patients Undergoing Double-Filtration Plasmapheresis {#S0002-S2010}
----------------------------------------------------------------------

Double-filtration plasmapheresis (DFPP) is usually performed to remove plasma substances larger than albumin. The general schema of DFPP resembles our basic concept for Aβ oligomer removal ([Figure 1C](#F0001){ref-type="fig"}). Three patients with renal failure underwent two or three DFPP treatments before living-donor kidney transplantation with blood-type incompatibility ([Table 1](#T0001){ref-type="table"}). The blood of these patients was introduced to a plasma separator (Plasmaflo-OP08W; Asahi Kasei Medical, Tokyo, Japan), and the separated plasma was introduced to the plasma component separator Cascadeflo EC-20W (Membrane A). Large molecules, such as antibodies against red blood cells, cannot pass through the pores of the hollow fibers and so are retained in the hollow fibers of the plasma component separator (Inside-Lumen) and discarded as waste plasma. Smaller molecules in comparison were able to pass through the pores of the plasma component separator and were returned to the patients. Approximately 750 to 900 mL of plasma in Inside-Lumen of Membrane A was discarded as waste plasma during each session ([Table 1](#T0001){ref-type="table"}), and the same volume of replacement fluid containing albumin was administered to the patients. The plasma samples of minimum volume were collected at the start, 60 min point, and end of DFPP (at approximately 110--180 min).Table 1Demographics of Patients Receiving DFPP Treatment for Living-Donor Kidney Transplantation with Blood-Type IncompatibilityAgeSexBW (kg)ApoE4Primary Diseasee-GFR\
(mL/min)History of DialysisHistory of SmokingDFPPDayTreatment Time (min)Total Waste Plasma (mL)Patient 152F55.8±Polycystic kidney14.7NoneNone112080031158006135800Patient 265M61.7±Type II diabetes mellitus8.7None27 y\
(20--47 yo)118090031659006150900Patient 364F52.9-/-Suspected IgA nephropathy2.8PD: \>8.6 y\
HD: 3.1 yNone11107503110750[^1]

The absolute amounts of Aβ oligomers in the systemic total plasma and waste plasma were calculated according to Equation 1. The systemic total plasma volume was calculated as follows:

(body weight) ÷ 13 × \[1 − (hematocrit) ÷ 100\]

Additionally, the increase of Aβ oligomers into the blood was calculated as follows:

Increase = (systemic total plasma volume) × (increased plasma concentrations during the period of interest)

Measurements of Aβs, Albumin, and ApoE4 {#S0002-S2011}
---------------------------------------

The concentrations of Aβ oligomers in the plasma were measured with human amyloid β oligomer (82E1-specific) assay kits (IBL; Fujioka, Gunma, Japan). According to the manufacturer, this enzyme-linked immunosorbent assay (ELISA) kit can detect Aβ oligomers including dimers and larger oligomers but does not detect Aβ~1--40~. This ELISA kit includes a standard solution of Aβ oligomer in units of pmol/L. The standard is a synthetic human Aβ~1-16~ dimer used for generating calibration curves.

The concentrations of Aβ~1--40~ and Aβ~1--42~ monomers were measured with high-sensitivity ELISA human β-amyloid (1--40) and β-amyloid (1--42) Wako II kits (Wako Pure Chemical, Osaka, Japan). These kits include immobilized BAN50 (monoclonal antibody directed against the N-terminal Aβ residues 1--16) and horse radish peroxidase (HRP)-conjugated BA27 (antibody against the C-terminus of Aβ~1-40~) to detect Aβ~1-40~ or HRP-conjugated BC05 (anti-C-terminus of Aβ~1-42~) to detect Aβ~1-42~. According to the manufacturer, no cross reaction between Aβ~1-40~ and Aβ~1-42~ is observed. The standard solutions of Aβ monomers consist of synthetic Aβ~1-40~ or Aβ~1-42~ provided in units of pg/mL to be used for calibration.

ApoE4 was measured in the plasma using the ApoE4/Pan-ApoE ELISA kit (MBL, Nagoya, Japan).

Western Blot Analysis {#S0002-S2012}
---------------------

The anti-Aβ~17--24~ monoclonal antibody 4G8 (SIG-39220, Funakoshi; Tokyo, Japan) and anti-human amyloid β E22P (Aβ~10--35~, toxic oligomers of Aβ with a turn at positions 22 and 23) monoclonal antibody 11A1 (IBL; Fujioka, Gunma, Japan)[@CIT0032] were used as the first antibodies. An anti-Aβ~1--16~ monoclonal antibody, 6E10 (SIG-39320, Funakoshi; Tokyo, Japan), was also investigated, but its sensitivity was not enough to prove Aβ oligomers in this study. Immunoprecipitation with anti-Aβ antibody was not performed due to anticipated low yield of Aβ oligomers and monomers. At this point, 9 μL of each plasma sample was mixed and heated with 4× Bolt LDS sample buffer (Invitrogen, Carlsbad, CA, USA) and electrophoresed on NuPAGE Novex 4% to 12% Gel BisTris (Invitrogen, Carlsbad, CA, USA) in NuPAGE MES SDS running buffer in a reducing condition. Gel samples were transferred to a polyvinylidene-di-fluoride membrane and blocked overnight at 4°C in 0.3% nonfat skim milk/Tris-buffered saline with 0.1% Tween 20 (TBST-T) in the context of 4G8 or for 1 h at 37°C in 3% nonfat skim milk/TBST-T in the context of 11A1. The membranes were proved with 5 μg/mL of 4G8 or 3 μg/mL of 11A1, then with 0.25 μg/mL (1/4000) anti-mouse immunoglobulin G (H&L) goat antibody peroxidase-conjugated, and preadsorbed with serum proteins of humans and other species (Rockland, Limerick, PA, USA). Finally, the membranes were treated with ECL Prime (GE Healthcare, Chicago, IL, USA) for chemiluminescence detection. The first antibody specificity of the detected bands was confirmed when compared with the results of the second antibody alone. The brain homogenate of human APP transgenic mice, kindly provided by Dr. Takayoshi Mamiya, was used as a positive control.

Statistical Analysis {#S0002-S2013}
--------------------

All data are expressed as means ± standard deviations (SD) unless otherwise specified. Differences were determined using a Wilcoxon rank-sum test for nonparametric variables and analysis of variance for the correlation analysis of two factors, unless otherwise specified, by using the statistical package JMP12 (SAS Institute Inc., Cary, USA). For these analyses, p-values \< 0.05 were considered to be statistically significant.

Results {#S0003}
=======

The ELISA for Aβ oligomers (with antibody 82E1 which detects the N-terminus of Aβ~1-16~) used in this study can detect Aβ oligomers with two or more Aβ-specific epitopes in a single molecule. This includes oligomers equal to or larger than the Aβ dimer. The Aβ oligomers described in this paper include sizes ranging from dimer to decamer and include higher molecular weight oligomers. For clarity, the concentrations of Aβ oligomers measured by this ELISA are expressed in units of pmol/L.

Removal Aβ Oligomers from Plasma with Membrane A or Membrane B {#S0003-S2001}
--------------------------------------------------------------

The basic concept for concentrating and removing Aβ oligomers from peripheral circulation by membrane separation is as follows: blood collected from study-eligible patients was processed in a plasma separator, and the separated plasma was then introduced into a device composed of hollow-fiber membranes with larger pore sizes than those used in hemodialyzers ([Figure 1B](#F0001){ref-type="fig"}). Large Aβ oligomers cannot effectively pass through the pores in these membranes and are retained in the hollow fibers and discarded in waste plasma ([Figure 1C](#F0001){ref-type="fig"}). As per this basic concept, an experimental circuit was designed to remove Aβ oligomers from isolated plasma samples ([Figures 2A](#F0002){ref-type="fig"} and [3A](#F0003){ref-type="fig"}); in this case, previously isolated plasma samples were introduced without the use of the attached plasma separator. This approach led to successful clearance of Aβ oligomers from the plasma samples, with reductions to 23% and 0% of the original concentrations within 15 mins by Membranes A and B, respectively ([Figure 3B](#F0003){ref-type="fig"}). In contrast to what we observed for the Aβ oligomers, the Aβ monomer clearance was not as effective, with reductions to 69% ± 11% (Aβ~1--40~) and 56% ± 8% (Aβ~1--42~) of their original concentrations by Membrane A (solid lines in [Figure 3C](#F0003){ref-type="fig"}) and to 85% ± 8% (Aβ~1--40~) and 77% ± 19% (Aβ~1--42~) by Membrane B (dotted lines in [Figure 3C](#F0003){ref-type="fig"}). As shown in [Figure 3D](#F0003){ref-type="fig"} and [E](#F0003){ref-type="fig"}, both Membranes A and B successfully concentrated Aβ oligomers inside the lumen of the hollow fibers. For Membrane A, the Aβ oligomer concentration in the pool underwent a reduction from 15.8 ± 4.1 to 3.3 ± 5.8 pmol/L during the 60 mins circulation process ([Figure 3D](#F0003){ref-type="fig"}, left). Nearly the entire amount of Aβ oligomers detected in the pool prior to circulation was concentrated inside the lumen of Membrane A at the end of the process ([Figure 3D](#F0003){ref-type="fig"}, right); a similar outcome resulted from the use of Membrane B ([Figure 3E](#F0003){ref-type="fig"}).Figure 3Removal of plasma Aβ oligomers by Membrane A or B. (**A**) In vitro experimental system. Human plasma containing Aβ oligomers in the reservoir (Pool) was introduced into Membrane A or B at 50 mL/min, and the filtrate of membranes was returned to Pool. High-molecular-weight Aβ oligomers were retained and concentrated in hollow fibers of membranes (Inside-Lumen). (**B** and **C**) Time course of concentration changes in Pool for Aβ oligomers (**B**) and Aβ monomers including Aβ~1--40~ (**C**, left, blue lines) and Aβ~1--42~ (**C**, middle, red lines), and albumin (**C**, right). The solid line with square marks represents Membrane A, whereas the dotted line with triangle marks represents Membrane B. (**D** and **E**) Comparison of Aβ oligomers at the start and end points of circulation of Pool and Inside-Lumen: concentration change of Aβ oligomers with Membrane A (**D**, left) and Membrane B (**E**, left) as well as the absolute amount Aβ oligomers with Membrane A (**D**, right) and Membrane B (**E**, right). The concentrations of Aβ~1-42~ and albumin in Pool from Membrane B at 60 mins were significantly higher than those detected in Pool from Membrane A (p \< 0.01 for albumin and p \< 0.05 for Aβ~1-42~. Error bars show SD.

Approximately 30% and 80% of the plasma albumin (56 kDa) content can pass through Membranes A and B, respectively; sieving coefficients are included in the Materials and Methods. Likewise, findings shown in [Figure 3B](#F0003){ref-type="fig"} and [E](#F0003){ref-type="fig"} (right) indicate that nearly the entire Aβ oligomers in Pool at the start was cleared by Membrane B with a larger pore size. As such, we estimate the molecular size of intact Aβ oligomers in plasma to be larger than 56 kDa.

Removal of Plasma Aβ Oligomers and Monomers Simultaneously with Membrane B and A HexDC Column {#S0003-S2002}
---------------------------------------------------------------------------------------------

As shown, Membranes A and B effectively cleared Aβ oligomers but not Aβ monomers from the plasma; additional systems were explored for the simultaneous removal of both Aβ oligomers and Aβ monomers. Mini-columns composed of HexDC, one of the most effective materials for Aβ monomer clearance, can remove these molecules directly from whole blood.[@CIT0008],[@CIT0016] These columns were used concurrently with Membrane B. Membrane B was selected as it limited albumin loss in comparison to results obtained with Membrane A ([Figure 3C](#F0003){ref-type="fig"}, right).

[Figures 2B](#F0002){ref-type="fig"} and [4A](#F0004){ref-type="fig"} display the experimental circuit. In a clinical setting, a plasma separator would be included at the outlet of the HexDC column; this device would separate plasma from half of the circulating whole blood. To model this feature in our experimental circuit, the plasma outflow was divided in half, with half circulated through Membrane B and the remainder returned directly to the pool. The waste plasma was discarded at a rate of 1 mL/min. The filtrate of Membrane B was returned to the pool with replacement saline provided also at 1 mL/min.Figure 4Simultaneous removal of Aβ monomers and oligomers (via HexDC columns and Membrane B). (**A**) The experimental circuit. Human plasma containing Aβ oligomers in the reservoir (Pool) was introduced into the HexDC mini-column at 30 mL/min. The plasma that passed through the HexDC column was divided in half as 15 mL/min for Membrane B and 15 mL/min to return to Pool. The plasma in Inside-Lumen of Membrane B was continuously discarded at 1 mL/min while adding replacement saline (1 mL/min) before returning to Pool. The filtrate of Membrane B was returned to Pool. (**B**--**E**) Time course of the concentration changes of Aβ oligomers (black solid thick line with square marks, pmol/L), Aβ~1--40~ (blue dotted line with triangle marks, pg/mL), and Aβ~1--42~ (red solid thin line with circle marks, pg/mL); (**B**) concentrations in Pool (left vertical axis: Aβ oligomers and Aβ~1--42~; right vertical axis: Aβ~1--40~); (**C**) concentrations in the (outlet) post-HexDC column stage (left vertical axis: all Aβs); (**D**) concentrations in waste plasma (left vertical axis: Aβ~1--40~ and Aβ~1--42~; right vertical axis: Aβ oligomers); (**E**) concentrations in the filtrate of Membrane B (left vertical axis: all Aβs). Arrows indicate the tendency of Aβ oligomer change. Error bars show SD.

The Pool concentrations of Aβ oligomers and monomers (both Aβ~1--40~ and Aβ~1--42~) decreased with increasing circulation time ([Figure 4B](#F0004){ref-type="fig"}). Likewise, HexDC columns promoted very efficient clearance of Aβ monomers. Their removal efficiencies were 87.1 ± 1.4% (Aβ~1--40~) and 77.5 ± 3.9% (Aβ~1--42~) at the start of circulation, and 78.8 ± 2.3% (Aβ~1--40~) and 69.3 ± 6.6% (Aβ~1--42~) after 20 mins. Aβ~1--40~ concentrations were \~400 to 500 pg/mL in the Pool, just prior to the inlet ([Figure 4B](#F0004){ref-type="fig"}, right vertical axis) and were reduced to \~60 to 70 pg/mL after circulation through the HexDC column ([Figure 4C](#F0004){ref-type="fig"}, left vertical axis).

In contrast to results obtained with Aβ monomers, the removal efficiency of Aβ oligomer by HexDC was as low as 8.3 ± 9.2% at the start of circulation. The Aβ oligomer concentrations at the outlet of the HexDC column (Post HexDC) were similar to those measured at the inlet, and were equal to those in Pool ([Figure 4B](#F0004){ref-type="fig"} and [C](#F0004){ref-type="fig"}, black solid lines with closed square marks). The decreasing concentrations of Aβ oligomer detected at the outlet of the HexDC column ([Figure 4C](#F0004){ref-type="fig"}) reflected decreasing Aβ oligomer concentrations in Pool (at the inlet of HexDC column; [Figure 4B](#F0004){ref-type="fig"}), due to Aβ oligomer clearance by Membrane B, not by the HexDC column. The Aβ oligomer concentrations in the waste plasma increased during 30 to 40 min of circulation and remained high thereafter ([Figure 4D](#F0004){ref-type="fig"}), the reverse of the findings presented in [Figure 4B](#F0004){ref-type="fig"} (Pool). Interestingly, the concentrations of Aβ monomers in the waste plasma also increased ([Figure 4D](#F0004){ref-type="fig"}). The concentrations of all Aβs in the filtrate of Membrane B, particularly Aβ~1--40~, increased during the first half of the circulation period through Membrane B (0--30 mins) and then decreased ([Figure 4E](#F0004){ref-type="fig"}). The concentration of Aβ oligomer detected in Filtrate of Membrane B also showed a tendency to increase, although the results did not achieve statistical significance ([Figure 4E](#F0004){ref-type="fig"}).

Removal of Plasma Aβ Oligomers and Monomers Simultaneously with Membrane B and Hemodialyzers {#S0003-S2003}
--------------------------------------------------------------------------------------------

Polysulfone hemodialyzers were used in an adsorptive filtration mode[@CIT0019] with a 3 mL/min filtration rate as an alternative method to eliminate Aβ monomers ([Figure 5A](#F0005){ref-type="fig"}). The polysulfone hemodialyzer promoted very efficient clearance of Aβ monomers. Their removal efficiencies were 96.8 ± 0.8% (Aβ~1--40~) and 90.8 ± 3.0% (Aβ~1--42~) at the start of circulation and 88.1 ± 0.8% (Aβ~1--40~) and 75.6 ± 5.9% (Aβ~1--42~) after 20 mins. The use of polysulfone hemodialyzers resulted in more effective and efficient clearance of Aβ monomers when compared to results achieved using the HexDC columns. This observation may be attributed to the relatively large membrane area provided by the hemodialyzers in comparison to the volume in Pool. Based on the observed removal efficiencies, the Aβ monomer concentrations in Pool, including both Aβ~1--40~ and Aβ~1--42~, decreased rapidly with increasing circulation time ([Figure 5B](#F0005){ref-type="fig"}). Similar to what we observed with the HexDC columns, Aβ monomer concentrations at the outlet of polysulfone dialyzers were lower than those in Pool ([Figure 5B](#F0005){ref-type="fig"} and [C](#F0005){ref-type="fig"}). For example, the concentration of Aβ~1--40~ of \~600 to 800 pg/mL detected in Pool ([Figure 5B](#F0005){ref-type="fig"}, right vertical axis) was reduced to \~20 to 40 pg/mL at the outlet/post-dialyzer ([Figure 5C](#F0005){ref-type="fig"}, left vertical axis) at the start of circulation. In contrast to their impact on the clearance of Aβ monomers, the polysulfone hemodialyzer together with Membrane B resulted in no decrease in Aβ oligomer concentration in Pool ([Figure 5B](#F0005){ref-type="fig"}); these results differ from those obtained using the HexDC and Membrane B ([Figure 4B](#F0004){ref-type="fig"}). [Figure 5B](#F0005){ref-type="fig"} and C show that Aβ oligomer concentrations at the outlet/post dialyzer were similar to those in Pool; these results indicate that the polysulfone dialyzers cleared little to no Aβ oligomers. The Aβ oligomers were concentrated by Membrane B and discarded in Waste plasma ([Figure 5D](#F0005){ref-type="fig"}). However, Aβ oligomer concentrations in Filtrate of Membrane B gradually increased from beneath the minimum detection limit (approximately 3 pmol/L) to 17.2 ± 4.4 pmol/L at 60 min of circulation ([Figure 5E](#F0005){ref-type="fig"}). Interestingly, the concentrations of Aβ monomers, both Aβ~1--40~ and Aβ~1--42~, which are small enough to pass through the pores of Membrane B, were higher in Waste plasma ([Figure 5D](#F0005){ref-type="fig"}) than in the outlet/post dialyzer solution ([Figure 5C](#F0005){ref-type="fig"}), notably so after 30 min of circulation ([Figure 5C](#F0005){ref-type="fig"}). For example, while the concentration of Aβ~1--40~ was \~10 pg/mL in Post-Dialyzer (dotted line in [Figure 5C](#F0005){ref-type="fig"}, left vertical axis), its concentration was approximately 25 pg/mL in Waste plasma at 40 min of circulation (dotted line in [Figure 5D](#F0005){ref-type="fig"}, left vertical axis).Figure 5Simultaneous removal of Aβ monomers and oligomers (via polysulfone hemodialyzers and Membrane B). (**A**) The experimental circuit. Human plasma containing Aβ oligomers in the reservoir (Pool) was introduced into the polysulfone dialyzer at 30 mL/min. Aβ monomers were removed in an adsorptive filtration mode with a 3 mL/min filtration rate. In total, 15 mL/min of the plasma that passed through the polysulfone dialyzer was introduced to Membrane B, and the rest of the plasma was returned to Pool at 12 mL/min. The filtrate of Membrane B was returned to Pool, and the plasma in Inside-Lumen of Membrane B was continuously discarded at 1 mL/min. Replacement saline was added at 4 mL/min at before returning to Pool. (**B**--**E**) Time course of the concentration changes of Aβ oligomers (black solid thick line with square marks, pmol/L), Aβ~1--40~ (blue dotted line with triangle marks, pg/mL), and Aβ~1--42~ (red solid thin line with circle marks, pg/mL); (**B**) concentrations in Pool (left vertical axis: Aβ oligomers and Aβ~1--42~; right vertical axis: Aβ~1--40~); (**C**) concentrations in the (outlet) post-dialyzer stage (left vertical axis: all Aβs); (**D**) concentrations in waste plasma (left vertical axis: Aβ~1--40~ and Aβ~1--42~; right vertical axis: Aβ oligomers); (**E**) concentrations in the filtrate of Membrane B (left vertical axis: all Aβs). Arrows indicate the tendency of Aβ oligomer change. Error bars show SD.

Aβ Oligomers and Monomers Increased in Membrane B During Simultaneous Removal {#S0003-S2004}
-----------------------------------------------------------------------------

To determine the mechanisms underlying the observed increases of Aβ oligomer and monomers (Aβ~1--40~ and Aβ~1--42~) concentrations during circulation with Membrane B and HexDC or polysulfone dialyzer, Aβ concentrations at the inlet of Membrane B (a point that is equivalent to the outlet/post-HexDC or outlet/post Dialyzer) (Pre-Membrane B), at the outlet to the plasma waste (Waste Plasma), and in the filtrate of Membrane B (Filtrate of Membrane B) are summarized in [Table 2](#T0002){ref-type="table"}. As shown in italics, many Aβ concentrations detected in Waste plasma and Filtrate were higher than those detected at the inlet of Membrane B. This result implies that Aβ oligomers and Aβ monomers were "increased" inside the lumen of Membrane B during circulation.Table 2Aβ Concentrations Determined at Pre-, Post-(Waste) and Within the Filtrate of Membrane B. The Concentrations of Aβ Oligomer, Aβ~1-40~, and Aβ~1-42~ Detected at Sites Including Pre-Membrane B (Inlet), Waste Plasma (Post-Membrane B) and in Filtrate of Membrane B (the Filtrate) are Shown for Each Time PointTimeHexDC + Membrane BDialyzer + Membrane BAβ Oligomer pmol/LAβ1-40 pg/mLAβ1-42 pg/mLAβ Oligomer pmol/LAβ1-40 pg/mLAβ1-42 pg/mLPre Membrane BPre Membrane BPre Membrane BPre Membrane BPre Membrane BPre Membrane BFiltrate of Membrane BWaste PlasmaFiltrate of Membrane BWaste PlasmaFiltrate of Membrane BWaste PlasmaFiltrate of Membrane BWaste PlasmaFiltrate of Membrane BWaste PlasmaFiltrate of Membrane BWaste Plasma10 mins57.2 ± 14.556.4 ± 5.39.9 ± 1.314.4 ± 10.423.0 ± 0.35.1 ± 0.710.7 ± 18.4*65.7 ± 41.3*26.9 ± 20.919.4 ± 33.72.9 ± 2.75.0 ± 5.80.0 ± 0.0*24.5 ± 14.8*7.5 ± 1.72.5 ± 2.83.6 ± 1.23.5 ± 2.720 mins23.4 ± 17.732.1 ± 4.24.7 ± 1.315.1 ± 3.214.7 ± 1.43.4 ± 0.718.0 ± 17.7*141.7 ± 32.249.1 ± 10.4*23.6 ± 26.9*6.2 ± 0.88.5 ± 2.2*8.9 ± 0.5*83.0 ± 10.720.7 ± 1.3*13.3 ± 5.7*4.3 ± 1.07.7 ± 1.6*30 mins22.8 ± 9.624.3 ± 4.64.7 ± 0.513.0 ± 2.410.4 ± 0.83.2 ± 1.018.5 ± 10.5*164.9 ± 100.142.5 ± 14.632.1 ± 7.06.6 ± 1.510.5 ± 3.5*9.6 ± 1.2*109.7 ± 11.619.0 ± 1.323.4 ± 2.54.1 ± 0.59.9 ± 0.7*40 mins12.1 ± 14.312.7 ± 6.83.0 ± 1.316.3 ± 2.89.1 ± 1.83.4 ± 0.810.6 ± 15.0*147.0 ± 131.920.7 ± 3.942.0 ± 14.6*3.5 ± 0.6*11.1 ± 7.9*11.3 ± 1.4*117.9 ± 19.713.6 ± 1.526.8 ± 3.54.4 ± 0.611.9 ± 1.3*60 mins11.4 ± 9.411.7 ± 1.02.6 ± 1.017.9 ± 7.37.5 ± 2.92.4 ± 1.010.0 ± 9.596.5 ± 101.912.4 ± 2.6*33.3 ± 25.0*2.4 ± 1.4*8.4 ± 7.8*17.2 ± 4.4*108.0 ± 27.49.1 ± 1.920.7± 5.13.6 ± 0.410.6 ± 1.3*[^2]

The relative concentrations of Aβ monomers and oligomers, comparing those in the waste plasma and filtrate to those at the inlet of Membrane B were calculated. A time course of the relative Aβ concentrations in Waste plasma (dotted lines) and Filtrate (solid lines) is shown in [Figure 6](#F0006){ref-type="fig"}. The relative concentration of the Aβ oligomers in Waste plasma exceeded 100% at time points as early as 10 mins and reached their highest levels at 1200% at 40 mins of circulation through HexDC and Membrane B (dotted line in [Figure 6A](#F0006){ref-type="fig"}); these values reached 800% at 30 mins of circulation through the polysulfone dialyzer and Membrane B (dotted line in [Figure 6B](#F0006){ref-type="fig"}). These results indicate 14-fold and 8-fold increases in the concentrations of Aβ oligomers inside the lumen of Membrane B. As mentioned earlier, the ELISA can detect Aβ oligomers equal to or larger than the Aβ dimer. As such, the observed increase in Aβ oligomer concentration implies dissociation of larger Aβ oligomers into many smaller Aβ oligomers, taking into account the mass balance inside the lumen of Membrane B. In contrast to what we observed in Waste plasma, the relative concentration of Aβ oligomers in Filtrate was as low, measured at or near unit (100%) during 20--60 mins of circulation (with HexDC and Membrane B, solid line in [Figure 6A](#F0006){ref-type="fig"}; with polysulfone dialyzer, solid line in [Figure 6B](#F0006){ref-type="fig"}). This finding implies that the smaller Aβ oligomers (including those smaller than albumin) were capable of passing through pores of Membrane B. The smaller Aβ oligomers may be returned to the pool and will be reintroduced into circulation through Membrane B.Figure 6Relative concentrations of Aβ monomers and oligomers in waste plasma and filtrate of Membrane B. Relative concentrations of Aβ monomers and oligomers detected in Waste plasma (dotted lines) and Filtrate (solid lines) are shown as percentages compared with those at the inlet of (Pre) Membrane B. (**A, B**) Relative Aβ oligomer concentrations, (**C, D**) relative Aβ~1-40~ concentrations (blue lines), (**E, F**) relative Aβ~1-42~ concentrations (red lines). (**A, C, E**) Results of experiments that include HexDC and Membrane B; (**B, D, F**) results of the experiments that include a dialyzer and Membrane B. Dashed lines show 100% and boxes show area under 100%.

As we observed with the Aβ oligomers, relative concentrations of monomer Aβ~1--40~ detected in Waste plasma exceeded 100% at 20--30 min and reached 300% at approximately 40--60 mins of circulation (with HexDC, dotted line in [Figure 6C](#F0006){ref-type="fig"}; with polysulfone dialyzer, dotted line in [Figure 6D](#F0006){ref-type="fig"}). These results suggest dissociation of Aβ oligomers into multiple Aβ~1--40~ monomers. Unlike Aβ oligomers, relative Aβ~1--40~ concentrations in Filtrate exceeded 100% at around 20--60 mins (solid lines in [Figure 6C](#F0006){ref-type="fig"} and [D](#F0006){ref-type="fig"}). Relative concentrations of Aβ~1--42~ monomer in Waste plasma also exceeded 100% at 20 mins of circulation and reached \~400% at 40 mins (with HexDC, dotted line in [Figure 6E](#F0006){ref-type="fig"}), or over 400% at 60 mins (with polysulfone dialyzer, dotted line in [Figure 6F](#F0006){ref-type="fig"}). As with Aβ~1--40~, relative Aβ~1--42~ concentrations in the filtrate increased to 100% after 20 mins (solid lines in [Figure 6E](#F0006){ref-type="fig"} and [F](#F0006){ref-type="fig"}). Relative Aβ~1--42~ concentrations in Waste plasma and Filtrate in treatment with a polysulfone dialyzer and Membrane B seemed to increase continually through the end of circulation. Taken together, the findings shown in [Figure 6C](#F0006){ref-type="fig"} and [D](#F0006){ref-type="fig"} strongly suggest dissociation of Aβ oligomers into Aβ~1--40~ and Aβ~1--42~ monomers inside the lumen of Membrane B during the plasma circulation.

Removal of Plasma Aβ Oligomer in Patients Undergoing DFPP {#S0003-S2005}
---------------------------------------------------------

As a preliminary human study, we evaluated the concentration of Aβ oligomers in plasma from patients undergoing DFPP. The purpose of DFPP in this setting was the removal of anti-erythrocyte antibodies from recipients of living-donor kidney transplantation with blood-type incompatibility. The circuit for DFPP was similar to that shown in [Figure 1C](#F0001){ref-type="fig"}, where the Aβ oligomer removal device was Membrane A. Three patients were recruited; demographics and clinical conditions are summarized in [Table 1](#T0001){ref-type="table"}. The observations made for Patient 1 are shown in [Figure 7A](#F0007){ref-type="fig"}--[E](#F0007){ref-type="fig"}. Aβ oligomers in the plasma responded to DFPP and went from \~15, 23, and 6 pmol/L to beneath the detection limit within 120 mins of DFPP on day 1 and within 60 mins on days 3 and 6 ([Figure 7A](#F0007){ref-type="fig"}), respectively. However, plasma Aβ oligomer levels increased to 23.4 and 5.8 pmol/L between days 1 and 3 and between days 3 and 6, respectively (➀ and ➁ in [Figure 7A](#F0007){ref-type="fig"}), suggesting that DFPP resulted in an increase in the concentration of Aβ oligomers in peripheral circulation, although they were still effectively concentrated in the waste plasma ([Figure 7B](#F0007){ref-type="fig"}). Almost all Aβ oligomers existing in the plasma at the start of each DFPP session were concentrated and discarded in the waste plasma, as shown for days 1 and 6 ([Figure 7C](#F0007){ref-type="fig"}). However, on day 3, only one-third of Aβ oligomers detected in patient plasma were concentrated in the waste plasma ([Figure 7C](#F0007){ref-type="fig"}). The Aβ monomer concentrations in the plasma did not decrease during each DFPP session as this modality does not include features that would promote their removal; however, we did detect a slight but significant increase in Aβ~1--40~ ([Figure 7D](#F0007){ref-type="fig"} and [E](#F0007){ref-type="fig"}).Figure 7Removal of plasma Aβ oligomer by Membrane A of patients treated with DFPP therapy. (**A**--**E**) Patient 1; (**F**--**H**) Patient 2; (**I**--**K**) Patient 3 ([Table 1](#T0001){ref-type="table"}). (**A, F, I**) Concentration change of Aβ oligomers during each session. (**A**) Increase (influx into the blood) of Aβ oligomers was observed from Days 1 to 3 (➀), and Days 3 to 6 (②) for Patient 1. (**B**) The concentrations of Aβ oligomers in the plasma of systemic circulation at the start of DFPP (pre-) and in the waste plasma at the end of each session. The concentration of Aβ oligomers in the waste plasma of each DFPP session was determined after all discarded plasma was mixed well. (**C**) Absolute amount of Aβ oligomers in the systemic plasma at the start of DFPP (pre-) and waste plasma at the end of each session. (**D**--**E, G**--**H, J**--**K**) Concentration changes of Aβ~1--40~ (**D, G, J**; blue lines) and Aβ~1--42~ (**E, H, K**; red lines) during each session. The gray, dotted, and solid black lines represent Days 1, 3, and 6, respectively. Aβ concentration at the start of DFPP was set as 100%. The starting Aβ concentrations for Patient 1 were 523.3 pg/mL at Day 1, 563.4 pg/mL at Day 3, and 609.8 pg/mL at Day 6 for Aβ~1--40~ (**D**) and 71.3 pg/mL at Day 1, 62.6 pg/mL at Day 3, and 77.0 pg/mL at Day 6 for Aβ~1--42~ (**E**). The starting Aβ concentrations for Patient 2 were 734.5 pg/mL at Day 1, 783.2 pg/mL at Day 3, and 742.0 pg/mL at Day 6 for Aβ~1--40~ (**G**) and 85.6 pg/mL at Day 1, 80.9 pg/mL at Day 3, and 79.5 pg/mL at Day 6 for Aβ~1--42~ (**H**). The starting Aβ concentrations for Patient 3 were 971.0 pg/mL at Day 1 and 891.5 pg/mL at Day 3 for Aβ~1--40~ (**J**) and 116.8 pg/mL at Day 1 and 100.1 pg/mL at Day 3 for Aβ~1--42~ (**K**).

The albumin-sieving coefficient of 0.3 for Membrane A indicates that approximately 30% of albumin presented in the plasma sample can pass through. Findings shown in [Figure 7A](#F0007){ref-type="fig"}--[C](#F0007){ref-type="fig"} document clearance of Aβ oligomers by Membrane A, suggesting that the molecular size of plasma Aβ oligomers was most likely larger than 56 kDa (the molecular weight of albumin); these results are similar to those shown in [Figure 3](#F0003){ref-type="fig"}.

In Patient 2, the concentration of plasma Aβ oligomers at the start of DFPP (22.0 pmol/L) was reduced to under the detection limit on day 1; however, no increase in Aβ oligomers was observed between days 1 and 3 ([Figure 7F](#F0007){ref-type="fig"}). Furthermore, no plasma Aβ oligomers were detected in plasma during DFPP sessions at days 3 and 6. At day 1, plasma Aβ oligomers were concentrated in the waste plasma (35.4 pmol/L) at the end of the DFPP session. The Aβ monomer concentrations in the circulating plasma (both Aβ~1--40~ and Aβ~1--42~) remained unchanged during the DFPP sessions ([Figure 7G](#F0007){ref-type="fig"} and [H](#F0007){ref-type="fig"}).

Finally, for Patient 3, the concentrations of plasma Aβ oligomers were under the detection limit at days 1 and 3 ([Figure 7I](#F0007){ref-type="fig"}), whereas the concentrations of Aβ monomers remained unchanged ([Figure 7J](#F0007){ref-type="fig"} and [K](#F0007){ref-type="fig"}).

Western Blot Analysis {#S0003-S2006}
---------------------

We compared our results with those obtained by another method, SDS-PAGE and Western blot analysis were performed using the anti-Aβ~17--24~ antibody 4G8. High-molecular-weight immunoreactive bands consistent with molecular weights of 70 to 150 kDa and \>150 kDa were detected with this antibody, as shown in [Figure. 8A](#F0008){ref-type="fig"}--[C](#F0008){ref-type="fig"} (†† and †, respectively). These immunoreactive bands were present in human plasma samples prior to the start of treatment (pool at zero minutes, [Figure 8A](#F0008){ref-type="fig"}--[C](#F0008){ref-type="fig"}). After circulation through Membrane B, these proteins were detected in plasma waste ([Figure 8B](#F0008){ref-type="fig"} and [C](#F0008){ref-type="fig"}) at each time point and retained inside the lumen at the end of the trial ([Figure 8A](#F0008){ref-type="fig"}--[C](#F0008){ref-type="fig"}). When probed with anti-human amyloid β E22P monoclonal antibody 11A1, the Aβ oligomer-like bands of \>150 kDa († in [Figure 8D](#F0008){ref-type="fig"} and [E](#F0008){ref-type="fig"}) initially detected in the pool underwent a gradual decrease. Dense 40--50 kDa bands were also detected with antibody 11A1 (closed triangles). The bands of lower molecular weight than 38 kDa are most likely non-specific (considered further in the Discussion).Figure 8Preliminary Western blot analysis of the plasma treated using the Aβ oligomer removal system in vitro.The plasma treated with the Aβ oligomer removal system in vitro was investigated by Western blot analysis following electrophoresis of reduced SDS-PAGE results. (**A**--**C**) Proved with anti-Aβ~17--24~ antibody 4G8. (**D, E**) Proved with 11A1 (anti-human amyloid β E22P of Aβ10--35, toxic oligomers of Aβ with a turn at positions 22 and 23). (**A**) Plasma in Pool at zero, 15, 30, and 60 min of circulation and Inside-Lumen at the end of circulation treated with Membrane B alone. (**B**) Plasma in Pool at zero, 10, 30, and 60 min circulation; in the post-HexDC stage, in waste and in the filtrate of Membrane B at 10, 30, and 60 min and in Inside-Lumen at the end of treatment with Membrane B and HexDC. Sampling positions are shown in [Figure 4](#F0004){ref-type="fig"}. (**C**) Plasma in Pool at zero, 10, 30, and 60 min of circulation; in the post-dialyzer stage, in waste and in the filtrate of Membrane B at 10, 30, and 60 min and in Inside-Lumen at the end of treatment with Membrane B and polysulfone hemodialyzers. Sampling positions are shown in [Figure 5](#F0005){ref-type="fig"}. (**D**) Plasma in Pool at zero, 10, 30, and 60 min circulation, in the post-HexDC stage at 10, 30, and 60 min treated with Membrane B and HexDC. (**E**) Plasma in Pool at zero, 10, 30, and 60 min and in the post-dialyzer stage at 10, 30, and 60 min treated with Membrane B and hemodialyzers. †, \>150 kDa Aβ oligomer-like bands; ††, 70--150 kDa Aβ oligomer-like bands. The bands that migrate at \~57 kDa bands that are detected with antibody 4G8 (open triangles) are non-specific.[@CIT0037] Bands migrating at \~40--50 kDa were detected with antibody 11A1 (closed triangles).

Discussion {#S0004}
==========

Clearance of Aβ Oligomer from Plasma and Peripheral Circulation {#S0004-S2001}
---------------------------------------------------------------

As described above, Aβ oligomers can be efficiently cleared from plasma using membrane separation methods. This technique, which includes hollow-fiber membranes of varying pore size, can distinguish among molecules based on their shape and size ([Figures 1D](#F0001){ref-type="fig"}, [3B](#F0003){ref-type="fig"}, [7A](#F0007){ref-type="fig"}, and [F](#F0007){ref-type="fig"}). Although this method is only one modality of E-BARS, its rationale differs from methods used previously. Our previous approaches focused on hydrophobicity and differential absorption of Aβs.[@CIT0008],[@CIT0015],[@CIT0016],[@CIT0019] Using these methods, the clearance efficiencies for Aβ monomers using HexDC columns or polysulfone dialyzers were as high as 69% to 97% ([Figures 4B](#F0004){ref-type="fig"} and [C](#F0004){ref-type="fig"}, [5B](#F0005){ref-type="fig"}, and [C](#F0005){ref-type="fig"}). Interestingly, almost no Aβ oligomers were removed by these methods. One possibility that may explain these findings: hydrophobic materials such as HexDC columns and polysulfone hemodialyzers have adsorption pockets on their surfaces that may be smaller than intact Aβ oligomers in plasma. Furthermore, the hollow-fiber material that constitutes both Membranes A and B is ethylene-vinyl alcohol copolymer (EVAL), which is the most highly inefficient materials for adsorbing Aβ monomers.[@CIT0016] Therefore, the actual adsorption of Aβ oligomers by Membranes A or B may not be contributing strongly to their efficient removal. Likewise, Aβ oligomers and monomers cleared from the blood by E-BARS are immediately discarded at the completion of extracorporeal blood purification, whereas administration of anti-Aβ antibodies may result in a prolonged half-time due to complex formation between Aβs and the antibodies.[@CIT0033],[@CIT0034]

The membrane separation method we adapted for this study is not specific for Aβ oligomers. Membranes A and B remove all plasma components larger than albumin, including immunoglobulins, low-density lipoproteins (LDL), high-density lipoproteins (HDL), and coagulation factors. As such, clinical use of this membrane separation method as potential therapy for AD should be accompanied by administration of albumin, immunoglobulins and coagulants, particularly to patients undergoing repetitive and/or long-term treatment. Of note, the plasma donors in our study who were undergoing DFPP in association with a blood-type incompatible living-donor kidney transplant were provided with albumin supplementation. Plasma exchange for the treatment of AD is currently under study in a Phase 3 clinical trial. In the phase 3 study, whole plasma of AD patients is discarded, and administration of albumin in addition to healthy human plasma is required.[@CIT0027]

The removal of Aβ monomers by HexDC or polysulfone dialyzers is based mainly on hydrophobic interactions between Aβ peptides and the surfaces of these materials.[@CIT0008],[@CIT0015],[@CIT0016],[@CIT0019] As such, E-BARS for Aβ monomers using HexDC or polysulfone dialyzers is not a specific process for elimination of Aβ monomers and can be mechanistically distinguished from AD therapies that feature anti-Aβ antibodies.

Aβ Binding to Erythrocytes or Albumin {#S0004-S2002}
-------------------------------------

In our method for E-BARS which focuses on the removal of Aβ oligomers, plasma separation from the cellular components of whole blood is a necessary first step prior to membrane separation ([Figure 1C](#F0001){ref-type="fig"}). No erythrocytes come into contact with Membrane A or B. If whole blood was introduced at this step, the erythrocytes would be discarded with the waste plasma; this would result in severe anemia. As such, the measurement methods for Aβ oligomers and monomers used in this study were designed for erythrocyte-free samples, including as plasma, serum and cerebrospinal fluid. Furthermore, we confirmed that albumin has no impact on the detection and quantitative analysis of Aβ monomers.[@CIT0008],[@CIT0017]

In an earlier study, we found that E-BARS carried out on human subjects and that targeted whole blood with HexDC or dialyzers resulted in clearance of Aβ monomers Aβ~1-40~ and Aβ~1-42~.[@CIT0008],[@CIT0015],[@CIT0017],[@CIT0018],[@CIT0020] Most interesting, the extent of Aβ monomer clearance during a single four-hour session of hemodialysis matched the total Aβ monomer load in the brain.[@CIT0021]

Pore Size of Membranes Used for Removal of Aβ Oligomers {#S0004-S2003}
-------------------------------------------------------

The comparison of Membranes A and B revealed that they were equally effective at removing Aβ oligomers; while Membrane B seemed to have somewhat higher activity, the differences were not significant ([Figure 3B](#F0003){ref-type="fig"}). Furthermore, given its larger pore size, more albumin passed through Membrane B and was returned to the pool (or the subject) than was the case with Membrane A ([Figure 3C](#F0003){ref-type="fig"}, right). As such, Membrane B may be more suitable for use in a therapeutic system as it would minimize the need for albumin supplementation.

As shown in [Figure 7](#F0007){ref-type="fig"}, Membrane A was used for DFPP for recipients of living-donor kidney transplants with blood-type incompatibility. The therapeutic goal of DFPP in these cases was clearance of anti-erythrocyte immunoglobulins. Albumin loss from DFPP is not a substantial issue for these patients, as supplementation is already included as part of the therapeutic regimen. By contrast, albumin loss needs to be minimized in AD patients undergoing treatment and removal of Aβ oligomers with E-BARS with Membranes A or B. Therefore, based on the aforementioned findings, we used Membrane B for removal of Aβ oligomers and monomers.

Molecular Size of Aβ Oligomers in the Plasma {#S0004-S2004}
--------------------------------------------

Previously, the molecular sizes and configurations of Aβ oligomers defined by migration in SDS-PAGE included dimers (\~9 kDa), trimers (12 kDa), and oligomers of 56 kDa (Aβ\*56), among others.[@CIT0003]--[@CIT0006],[@CIT0031] It is critical to recognize that intact Aβ oligomers may undergo dissociation as part of the process of gel electrophoresis. As such, membrane separation methods may provide stronger and more accurate information regarding the size of fully intact Aβ oligomers. [Figures 3B](#F0003){ref-type="fig"}, [7A](#F0007){ref-type="fig"}, and [F](#F0007){ref-type="fig"} show that the removal of Aβ oligomers with Membranes A or B successfully reduced the concentrations of Aβ oligomers. This finding suggests that the molecular size of a significant population of Aβ oligomers in plasma is larger than the pore sizes of both Membranes A and B. Based on the sieving coefficients for albumin at these membranes (0.3 and 0.8, respectively), the intact size of most Aβ oligomers in the plasma can be estimated as larger than that of albumin, ie, \>56 kDa.

Despite denaturing conditions which include treatment with detergent (SDS) and reduction, our preliminary analysis of proteins that were cleared from the plasma pool by Membrane B revealed high-molecular-weight Aβ oligomer-like bands ([Figure 8](#F0008){ref-type="fig"}). Aβ oligomer-like bands at 70 to 150 kDa (denoted by ††) and \> 150 kDa (denoted by †) were detected with both 4G8 and 11A1 antibody probes. The lower-mobility bands were decreased in the pool and were concentrated in waste plasma as well as inside the lumen of Membrane B. Of note, the 70 to 150 kDa bands might also include soluble amyloid precursor protein (sAPP)α (110 kDa).[@CIT0035],[@CIT0036] The bands detected with 4G8 that were migrating at 56--57 kDa (open triangles in [Figure 8](#F0008){ref-type="fig"}) may be non-specific (see reference 37), although we consider the possibility that they include immunoreactive Aβ\*56.[@CIT0031] Dense 40--50 kDa bands were detected on blots probed with 11A1 (closed triangles). Other low-molecular-weight bands in [Figure 8](#F0008){ref-type="fig"} remained constant throughout the procedure. We were unable to detect smaller Aβ oligomers (those less than 38 kDa) on Western blot. This may be because these oligomers are present in low concentrations; alternatively, these bands may be present but they may generate a relatively weak signal due to the presence of fewer epitopes on smaller Aβ oligomer molecules. Likewise, we did not perform immunoprecipitation studies with anti-Aβ antibodies as we anticipated a low yield from this procedure; the sensitivity of anti-Aβ~1--16~ monoclonal antibody 6E10 was not sufficient to permit detection of Aβ oligomers using this methodology. Future study will be necessary to explore several variations in Western blot protocol that will permit improved detection of these molecules.

Dissociation of Aβ Oligomers in Association with E-BARS {#S0004-S2005}
-------------------------------------------------------

As noted above, the results of our studies using of Membranes A and B suggest that most plasma Aβ oligomers may be larger than albumin in their native condition ([Figures 1D](#F0001){ref-type="fig"}, [3B](#F0003){ref-type="fig"} and [C](#F0003){ref-type="fig"}, [7A](#F0007){ref-type="fig"}--[C](#F0007){ref-type="fig"} and [F](#F0007){ref-type="fig"}); Aβ oligomers larger than albumin were detected under denaturing conditions by Western blot ([Figure 8](#F0008){ref-type="fig"}). When interacting with Membrane A or B alone without concomitant Aβ monomer removal, the dissociation of Aβ oligomers was not readily apparent ([Figure 3B](#F0003){ref-type="fig"}--[E](#F0003){ref-type="fig"}, and [7B](#F0007){ref-type="fig"}). This result is consistent with previous findings that suggest that a large kinetic barrier may impede the dissociation of Aβ oligomers.[@CIT0030] Aβ oligomers inside the membranes may face difficulties in undergoing dissociation in the presence of high concentrations of Aβ monomers ([Figure 9A](#F0009){ref-type="fig"}).Figure 9Schematic explanation of the dissociation of larger to smaller Aβ oligomers and Aβ monomers in the hollow fibers (Inside-Lumen) of the device for Aβ oligomer removal. (**A**) In the case of removing Aβ oligomers alone: high concentrations of Aβ monomers in Inside-Lumen may prevent the dissociation of larger Aβ oligomers into Aβ monomers and smaller Aβ oligomers. (**B**) In the case of concomitant removal of Aβ oligomers and monomers: low concentrations of Aβ monomers in Inside-Lumen may accelerate the dissociation of larger Aβ oligomers into Aβ monomers and smaller Aβ oligomers. Concentrations of Aβ monomers and small Aβ oligomers increased in the filtrate of the membrane and waste plasma as compared with those seen at the inlet of the device for Aβ oligomer removal.

The ELISA kit we used can detect Aβ oligomers that have two or more of the target epitopes (the N-terminus of Aβ) in a single molecule. As such, we can anticipate the detection of both larger (intact) and smaller (dissociated) Aβ oligomers. Using this detection method, we found that Aβ oligomers did undergo dissociation when Aβ monomers were removed concomitantly ([Figure 9B](#F0009){ref-type="fig"}). The dissociation of Aβ oligomers was clearly observed in our findings ([Figures 4](#F0004){ref-type="fig"}--[6](#F0006){ref-type="fig"}, [Table 2](#T0002){ref-type="table"}).

When HexDC mini-columns were used together with Membrane B, concentrations of both Aβ oligomers and monomers were successfully reduced in Pool ([Figure 4B](#F0004){ref-type="fig"}). However, we also detected a gradual increase in Aβ monomer concentration (both Aβ~1--40~ and Aβ~1--42~) in Waste plasma, a finding that peaked at approximately 20 min of circulation in Filtrate of Membrane B ([Figure 4D](#F0004){ref-type="fig"} and [E](#F0004){ref-type="fig"}, [Table 2](#T0002){ref-type="table"}). At the same time, the Aβ monomer concentrations underwent rapid decrease in both Pool and post-HexDC (which were equivalent concentrations to those at the inlet of Membrane B; [Figure 4B](#F0004){ref-type="fig"} and [C](#F0004){ref-type="fig"}, [Table 2](#T0002){ref-type="table"}). The relative concentrations of Aβ oligomers in Waste plasma exceeded 100% at 10 mins of circulation and were highest (at 1200%) at 40 mins (dotted line in [Figure 6A](#F0006){ref-type="fig"}). These findings clearly indicate the dissociation of larger Aβ oligomers into a number of smaller Aβ oligomers in Inside-Lumen of Membrane B. Among the smaller dissociation products, Aβ oligomers smaller than albumin could pass through the pores of Membrane B and could recirculate via Pool (solid line in [Figure 6A](#F0006){ref-type="fig"}). Relative Aβ concentrations of the Aβ~1--40~ and Aβ~1--42~ monomers in Waste plasma increased to 300% and 400% at 40 mins, respectively (dotted line in [Figure 6C](#F0006){ref-type="fig"} and [E](#F0006){ref-type="fig"}). These findings also suggest dissociation from Aβ oligomers to Aβ monomers, Aβ~1--40~ and Aβ~1--42~, inside the lumen of Membrane B ([Figure 9B](#F0009){ref-type="fig"}).

In contrast to our findings with HexDC columns, the Aβ oligomer concentration in Pool was not diminished, and Aβ monomers in the pool were rapidly reduced when polysulfone dialyzers were used together with Membrane B ([Figure 5B](#F0005){ref-type="fig"}). Furthermore, Aβ monomer concentrations, both Aβ~1--40~ and Aβ~1--42~, increased dramatically in Waste plasma ([Figure 5D](#F0005){ref-type="fig"}); these values peaked at approximately 20 to 30 mins of circulation in Filtrate of Membrane B ([Figure 5E](#F0005){ref-type="fig"}). These findings are also consistent with our interpretations regarding the dissociation of Aβ oligomers to Aβ monomers. Further, the concentrations of Aβ oligomers increased on an ongoing basis in Filtrate of Membrane B and in Waste plasma ([Figure 5D](#F0005){ref-type="fig"} and [E](#F0005){ref-type="fig"}). Relative concentrations of Aβ oligomers in Waste plasma increased to 800% at 30 mins ([Figure 6B](#F0006){ref-type="fig"}). Relative concentrations of the Aβ monomers Aβ~1--40~ and Aβ~1--42~ in Waste plasma increased to 300% at 40 mins ([Figure 6D](#F0006){ref-type="fig"}) and to 400% at 60 mins ([Figure 6F](#F0006){ref-type="fig"}), respectively. These findings strongly suggest that the larger Aβ oligomers undergo dissociation to several distinct smaller Aβ oligomers that can be detected by the ELISA. This finding may undergo rapid acceleration by actively decreasing the Aβ monomer concentrations ([Figure 9B](#F0009){ref-type="fig"}).

In the absence of a means to deplete Aβ monomers, there is only minimal dissociation of the larger Aβ oligomers. As shown in [Figure 3D](#F0003){ref-type="fig"} and [E](#F0003){ref-type="fig"}, almost all Aβ oligomers existing in Pool before the circulation through Membrane A or B alone were concentrated inside the lumens of the membranes; no obvious increase in the concentration of Aβ oligomers was observed. Additionally, because the pore sizes of dialyzers were very small and polysulfone is one of the strongest adsorbents of Aβ monomers, no Aβ oligomers and monomers were detected in the filtrate of polysulfone dialyzers as previously reported.[@CIT0016],[@CIT0019]

Increase of Aβ Oligomers in Circulation Is Triggered by Their Removal {#S0004-S2006}
---------------------------------------------------------------------

In a previous study, and as noted in the Introduction, we reported a large influx of Aβ monomers into the blood during hemodialysis sessions.[@CIT0017],[@CIT0018],[@CIT0020] In fact, the influx detected during one 4-hr hemodialysis session is comparable to the full complement of Aβ monomers existing in the brain.[@CIT0021] This concept that hemodialysis may trigger influx of Aβ monomers from the brain into peripheral circulation is supported by histopathological evaluation of the brains of hemodialysis patients,[@CIT0022] a prospective study of Aβ-imaging in a hemodialysis patient,[@CIT0023] and a study analyzing the CSF of rats.[@CIT0024]

Here, we investigated whether these findings could be extended to include Aβ oligomers. In Patient 1, we detected a significant increase in the plasma concentration of Aβ oligomers during the time intervals between each DFPP session ([Figure 7A](#F0007){ref-type="fig"}). This increase did not take place during DFPP; the absolute amount of Aβ oligomers discarded in the waste plasma was comparable with that detected in the systemic circulation at the start of the session ([Figure 7C](#F0007){ref-type="fig"}). By contrast, we observed a large influx of Aβ monomers during each hemodialysis session; this Aβ monomers influx decreased approximately 100-fold after hemodialysis was complete.[@CIT0017],[@CIT0018] The increase in Aβ oligomer concentration observed in Patient 1 could be attributed to (1) influx from the brain or other tissues, or (2) the aggregation of Aβ monomers in the plasma. Regarding the latter possibility, it would be difficult to explain a change from Aβ monomers to oligomers during this interval. The maximum increase of Aβ oligomers detected between DFPP sessions (between the end of day 1 and the beginning of day 3) was 24.3 pmol/L, a value that corresponds to the observed increase in Aβ dimers to 219 pg/mL or the increase in Aβ decamers to 1361 pg/mL. Of note, the concentration changes of Aβ monomers in plasma during this period included an "increase" by 40.1 pg/mL (Aβ~1--40~) and a decrease by 8.7 pg/mL (Aβ~1--42~). These findings indicate that there was no apparent net decrease of Aβ monomers, certainly not sufficiently extensive to explain the increase in Aβ oligomers observed. As such, we conclude that the more likely scenario is that the observed increase in Aβ oligomer concentration may be the result of influx into peripheral circulation, although the precise tissue source has not yet been identified. While this might relate to influx of Aβ oligomers from brain tissues, this remains speculation at this time. Further investigation will be necessary in order to identify the critical source(s) of the Aβ oligomers.

Conclusion {#S0005}
==========

In this study, Aβ oligomers were efficiently removed from plasma samples and from peripheral circulation of human subjects by hollow-fiber membranes with appropriately large pore sizes. Interestingly, an immediate increase in Aβ oligomer concentration in plasma was observed following plasmapheresis. Based on the pore sizes of the membranes used in these experiments, the molecular size of intact Aβ oligomers in plasma was estimated at \~60 kDa or more. Additionally, the concomitant removal Aβ monomers and oligomers promoted the dissociation of larger Aβ oligomers into smaller oligomers and Aβ monomers. Future investigation will focus on the dynamics of Aβ oligomers in the brain.
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[^1]: **Notes:** Patient 3 underwent only two DFPP sessions because the anti-erythrocytes antibodies that were removed resulted in a level that was low enough for transplantation after the second DFPP. ± and -/- indicate the patient has the following ApoE haplotype, -/-: ApE1--3/ApoE1--3, ±: ApoE4/ApoE1--3, +/+: ApoE4/ApoE4.

    **Abbreviations:** DFPP, double-filtration plasmapheresis; BW, body weight; primary disease, the cause of renal failure; PD, peritoneal dialysis; HD, hemodialysis; e-GFR, estimated glomerular filtration rate.

[^2]: **Note:** Aβ concentrations at other sites that are higher than those at the inlet are shown in italics.
